The catalytic domains of family GH19 chitinases have been found to consist of a conserved, α-helical core-region and different numbers (1-6) of loop structures, located at both ends of the substrate-binding groove and which extend over the glycon-and aglycon-binding sites. We expressed, purified and enzymatically characterized a GH19 chitinase from rice, Oryza sativa L. cv. Nipponbare (OsChia2a), lacking a major loop structure (loop III) connected to the functionally important β-stranded region. The new enzyme thus contained the five remaining loop structures (loops I, II, IV, V and C-term). The OsChia2a recombinant protein catalyzed hydrolysis of chitin oligosaccharides, (GlcNAc) n (n = 3-6), with inversion of anomeric configuration, indicating that OsChia2a correctly folded without loop III. From thermal unfolding experiments and calorimetric titrations using the inactive OsChia2a mutant (OsChia2a-E68Q), in which the catalytic residue Glu68 was mutated to glutamine, we found that the binding affinities towards (GlcNAc) n (n = 2-6) were almost proportional to the degree of polymerization of (GlcNAc) n , but were much lower than those obtained for a moss GH19 chitinase having only loop III [Ohnuma T, Sørlie M, Fukuda T, Kawamoto N, Taira T, Fukamizo T. 2011 . Chitin oligosaccharide binding to a family GH19 chitinase from the moss, Bryum coronatum. FEBS J. 278:3991-4001]. Nevertheless, OsChia2a exhibited significant antifungal activity. It appears that loop III connected to the β-stranded region is important for (GlcNAc) n binding, but is not essential for antifungal activity.
Introduction
Chitinases (EC 3.2.1.14) hydrolyze chitin, a β-1,4-linked polysaccharide of N-acetylglucosamine (GlcNAc); they are widely distributed in living organisms including bacteria, fungi, plants, insects and mammals (Kasprzewska 2003; Donnelly and Barnes 2004; Duo-Chuan 2006; Bhattacharya et al. 2007; Arakane and Muthukrishnan 2010) . According to the CAZy database (http:// www.cazy.org/), these enzymes are classified into two families, GH18 and GH19 (Henrissat and Davies 1997) . GH18 chitinases are found in a wide variety of living organisms and are involved in important biological processes, such as chitin assimilation, self-defense, growth and morphogenesis (Arakane et al. 2012) . GH19 chitinases are mainly found in plants (Kasprzewska 2003) , although some bacteria possess GH19 chitinase genes (Kawase et al. 2004) . The catalytic domains found in GH19 chitinases share significant sequence homology; however, they are different in length due to deletions in several loop structures .
The first three-dimensional structure of a GH19 chitinase was reported for a 26-kDa chitinase from barley seeds (Hart et al. 1993) . The barley enzyme was found to be composed of a coreregion and six-loop structures (loop I, II, III, IV, V and C-term, referred to as 6-loop type). The core-region is built of 10 α-helices and it forms a groove responsible for chitin binding and hydrolysis. The loop structures are located at both ends of the groove and are suggested to extend the substrate-binding subsites. Subsequently, bacterial GH19 chitinases lacking loops I, II, V and C-term (referred to as 2-loop type A) have been isolated from two bacteria, Streptomyces griseus HUT6037 (Kezuka et al. 2006) and Streptomyces coelicolor A3(2) (Hoell et al. 2006) . A GH19 chitinase lacking loops II, IV, V and C-term (referred to as 2-loop type B) has also been isolated from a plant, the evergreen conifer, Norway spruce (Ubhayasekera et al. 2009 ). PR-P and PR-Q identified as pathogenesis-related (PR) protein in tobacco were revealed to be family GH19 chitinases lacking loop III (referred to as 5-loop type) (Payne et al. 1990 ). Taira et al. (2011) have isolated and characterized the smallest member of the GH19 chitinase family from Bryum coronatum (BcChi-A). BcChi-A was found to consist of the coreregion and only one loop structure (loop III) (referred to as 1-loop type) ). Loop III is composed of 14-16 amino acid residues connected to the functionally important β-stranded region, and is the longest among the six loop structures in GH19 enzymes. Figure 1 shows the three-dimensional structures of plant GH19 chitinases with different loop structure arrangements. The structure of 6-loop type GH19 chitinase from rye (Secale cereale) seeds (RSCc) in complex with two molecules of (GlcNAc) 4 revealed a longextended substrate-binding groove consisting of eight subsites; −4, −3, −2, −1, +1, +2, +3 and +4 ( Figure 1A ) (Biely et al. 1981; Ohnuma et al. 2012 Ohnuma et al. , 2013 . The complex structure also showed that loops I and II are located at an aglycon-binding site and the others are at a glycon-binding site. In contrast, the structure of BcChi-A (1-loop type) in complex with (GlcNAc) 4 spanning the catalytic center revealed that the enzyme had only four binding subsites: −2, −1, +1 and +2 ( Figure 1C ) (Ohnuma et al. 2014) . These structural data suggest that the loop structure distribution determines the subsite arrangement of the GH19 chitinase family and hence, the precise mode of enzyme action. However, the relationship between the loop distribution and the mode of action remains unclear, especially in the case of enzymes intermediate between the 6-loop and 1-loop types, such as the 5-loop and 2-loop types, that have not yet been studied.
The Rice genome was reported to encode 20 GH19 chitinase genes. Although some of these enzymes have been shown to exhibit antifungal activity and implicated in the defense reactions against fungal infection either in vitro or in vivo (Nishizawa et al. 1999; Truong et al. 2003) , their physiological functions are still largely unclear. Loss-of-function mutants of the GH19 chitinase gene in rice plants have not been isolated and characterized yet. Sasaki et al. indicated that the 6-loop type GH19 chitinase OsChia1cΔCBD, a catalytic domain of a rice class I chitinase, is specific to GlcNAc at the three contiguous subsites from -2 to +1. They inferred that the target of the enzyme may be chitin in the cell wall of fungal pathogen (Sasaki et al. 2006) . However, the mechanism of substrate recognition of the rest of rice GH19 chitinases remains unclear.
Here we report a 5-loop type GH19 chitinase from rice, Oryza sativa L. cv. Nipponbare (OsChia2a) (Truong et al. 2003; Nakazaki et al. 2006 ), which lacks the major loop structure, loop III, and thus consists of the core-region and loops I, II, IV, V and C-term ( Figure 1B) . The mode of action of OsChia2a toward chitin oligosaccharides, (GlcNAc) n (n = 3-6), was examined using high-performance liquid chromatography (HPLC), and (GlcNAc) n binding to the enzyme was also investigated using thermal unfolding experiments and isothermal titration calorimetry. The antifungal activity of the enzyme was also evaluated. Considering all of the evidence, we discuss the role of loop III in the reaction catalyzed by 6-loop type GH19 enzymes.
Results

Production and purification of OsChia2a
Truong et al. discovered OsChia2a (DDJB accession number AB016497), while researching the GH19 chitinase family, at a low frequency in the EST library of the Rice genome Project (Truong et al. 2003) . Analysis of the amino acid sequence of OsChia2a with the SignalP program (Bendtsen et al. 2004 ) indicated that it contained a signal sequence consisting of 30 amino acid residues at the N-terminus. Thus, an expression system for the predicted mature protein consisting of 231 amino acid residues (31-261) fused to the N-terminal 6× His tag was established and the recombinant OsChia2a protein was produced in Escherichia coli. The OsChia2a protein was successfully purified to homogeneity and showed a single band on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), which corresponds to the molecular mass calculated from the amino acid sequence of 6× His-tagged OsChia2a fusion protein with N-terminal methionine (M r = 25,655.4) as shown in Figure 2 . The yield of recombinant OsChia2a was about 8 mg from one liter of induced culture. Fig. 1 . Three-dimensional structures of the GH19 chitinase family. (A) Six-loop type GH19 chitinase from S. cereale (RSC-c) in complex with two molecules of (GlcNAc) 4 (PDB code 4JOL) and (B) 5-loop type GH19 chitinase from O. sativa L. (OsChia2a) (model structure). Swiss-model software (Biasini et al. 2014 ) was used to predict the three-dimensional structure of OsChia2a from the known structure of 6-loop type a GH19 chitinase from Papaya (PDB code 3CQL). The sequence identity between these two proteins is 61%. (C) One-loop type GH19 chitinase from B. coronatum in complex with (GlcNAc) 4 (PDB code 3WH1). GH19 enzymes are represented as surface models. Loop structures are labeled I, II, III, IV, V and C-term and highlighted in gray. The conserved core-regions are also labeled and colored in light gray. The catalytic acids and bases are highlighted in dark gray . (GlcNAc) 4 molecules are represented by stick models colored in black. Individual binding subsites are numbered according to the nomenclature suggested by Biely et al. (1981) . This figure is available in black and white in print and in color at Glycobiology online.
Chitin oligosaccharide hydrolysis by OsChia2a
In order to investigate the OsChia2a-catalyzed breakdown of (GlcNAc) n , time-courses for the hydrolysis were monitored by HPLC with a gel-filtration column. As shown in Figure 3 , OsChia2a produced (GlcNAc) 3 in greatest abundance, followed by (GlcNAc) 2 and (GlcNAc) 4 respectively from the initial substrate, (GlcNAc) 6 ( Figure 3A ). GlcNAc and (GlcNAc) 5 were not observed in the reaction products. The amount of (GlcNAc) 4 increased up to 60 min and then gradually decreased, indicating that the product (GlcNAc) 4 was further hydrolyzed into two molecules of (GlcNAc) 2 . Equal amounts of (GlcNAc) 2 and (GlcNAc) 3 were produced from (GlcNAc) 5 ( Figure 3B ). The enzyme hydrolyzed (GlcNAc) 4 into two molecules of (GlcNAc) 2 , and less frequently into (GlcNAc) 3 and GlcNAc ( Figure 3C ). (GlcNAc) 3 was hydrolyzed very slowly into (GlcNAc) 2 and GlcNAc ( Figure 3D ). We analyzed the anomeric forms of the degradation products of (GlcNAc) 5 and (GlcNAc) 6 of the enzyme using HPLC. The time-dependent HPLC profiles are shown in Figure 4 . OsChia2a produced (GlcNAc) 2 , (GlcNAc) 3 and (GlcNAc) 4 from (GlcNAc) 6 ( Figure 4A ). Although all products were a mixture of the α-and β-anomers, in most cases, the ratios of α/β in the products were higher than those of the corresponding standards (equilibrium sate), indicating that OsChia2a catalyzes an anomer inversion reaction. The most abundant product (GlcNAc) 3 indicated that the middle linkage of (GlcNAc) 6 was most frequently cleaved. The α/β ratio of (GlcNAc) 2 was slightly higher than that of (GlcNAc) 4 , indicating that the second glycosidic linkage from the non-reducing end of (GlcNAc) 6 was more frequently cleaved than the fourth linkage. In the case of (GlcNAc) 5 hydrolysis ( Figure 4B ), OsChia2a produced (GlcNAc) 2 and (GlcNAc) 3 , each of which was a mixture of the α-and β-anomers. In this case, the α/β ratio of (GlcNAc) 2 was clearly higher than that of (GlcNAc) 3 . These anomeric ratios indicated that OsChia2a preferentially hydrolyzes the second and third glycosidic linkages from the non-reducing end of (GlcNAc) 5 and (GlcNAc) 6 , respectively.
Unfolding experiments of OsChia2a-E68Q in the presence of (GlcNAc) n OsChia2a-E68Q was successfully produced and purified by the methods described for the wild type enzyme. No chitinolytic activity was detected for this mutant, suggesting that Glu68 of OsChia2a indeed acts as an essential catalytic acid. The unfolding curves of OsChia2a-E68Q were obtained by monitoring CD at 222 nm in the absence or presence of (GlcNAc) n (n = 2-6), as shown in Figure 5 . As judged from the increase in T mapp (ΔT mapp ), thermal stability increased when (GlcNAc) n (n = 2, 3, 4, 5 or 6) were added to OsChia2a-E68Q solution, by 0.4, 1.8, 2.9, 4.0 and 5.6°C, respectively (Table I ). In the presence of GlcNAc, the T mapp value was slightly elevated (ΔT mapp = 0.3). ΔT mapp appears to be almost proportional to the degree of polymerization of the (GlcNAc) n added. The stabilization effects induced by the oligosaccharides should be derived from the specific binding of (GlcNAc) n (n = 2-6) to OsChia2a-E68Q. It appeared that the longer the chain length of the ligand, the stronger the ligand binding to the enzyme.
Isothermal titration calorimetry analysis of (GlcNAc) n binding to OsChia2a-E68Q (GlcNAc) n binding to OsChia2a was analyzed by isothermal titration calorimetry (ITC) at 20°C and pH 5.0. Figure 6 shows typical ITC thermograms and corresponding, theoretical fits to the experimental data for (GlcNAc) 6 , (GlcNAc) 5 , (GlcNAc) 4 and (GlcNAc) 3 binding. Theoretical fits were obtained using a nonlinear leastsquares algorithm (included with the ITC system) by varying the association constant (K a ) and the enthalpy change of ligand binding (ΔH°) . The values of the thermodynamic parameters obtained are listed in Table II . The binding free energy changes for (GlcNAc) 6 , (GlcNAc) 5 , (GlcNAc) 4 and (GlcNAc) 3 were −6.2, −4.9, −4.2 and −4.1 kcal/mol, respectively. The affinity (ΔG°) between OsChia2a-E68Q and (GlcNAc) n (n = 3-6) was dependent on the ligand chain length. The binding enthalpy change became less favorable as the chain length of the ligand increased (ΔH°= −9.2 to -4.2 kcal/mol). In contrast, the binding entropy change became less unfavorable and finally became favorable (−TΔS°= 5.1 to -2.0 kcal/mol) from (GlcNAc) 3 to (GlcNAc) 6 . The binding of (GlcNAc) n (n = 3-5) to OsChia2a-E68Q was found to be enthalpy-driven with an entropic penalty except for the longest oligosaccharide (GlcNAc) 6 where the binding entropy change was favorable (−TΔS°= −2.0 kcal/mol). Thus, (GlcNAc) 6 binding to OsChia2a-E68Q was driven by both enthalpic and entropic contributions.
Antifungal activity
Antifungal activity of OsChia2a was determined using a growth inhibition assay on agar plates with Trichoderma viride as the test fungus. Different amounts of the enzyme were placed into wells punched on the agar plate in front of the growing hyphae. OsChia2a exhibited antifungal activity against T. viride as judged from the presence and relative sizes of crescent-shaped inhibition zones, indicating that OsChia2a is indeed an antifungal protein active against fungal pathogens. The inhibitory area increased in proportion to the amount of applied enzyme.
Discussion
It has been known that there are structural variants in GH19 chitinases ) and although they share a conserved coreregion consisting of 10 α-helices, the enzymes may differ in their loop structure arrangement. To date, cDNAs encoding GH19 chitinases with one (loop III), two (loop I and III), five (loop I, II, IV, V and C-term) and six (loops I-V and C-term) loop structures have been cloned from plants, and with two loops (loop III and IV) from actinomycetes. OsChia2a is a gene that was found in the EST library . Experimental time-courses of (GlcNAc) n (n = 3, 4, 5 and 6) degradation by OsChia2a. Enzyme and substrate concentrations were 1.0 μM and 4.5 mM, respectively. The enzyme reaction was conducted in 20 mM sodium acetate buffer, pH 5.0, at 37°C. The presented curves for individual (GlcNAc) n (n = 1, 2, 3, 4, 5 and 6) were obtained by visual estimation of the best fit to the experimental data points. Symbols: open circle, (GlcNAc) 1 ; square, (GlcNAc) 2 ; triangle, (GlcNAc) 3 ; diamond, (GlcNAc) 4 ; cross, (GlcNAc) 5 ; closed circle, (GlcNAc) 6 . (A) Substrate (GlcNAc) 6 , (B) substrate (GlcNAc) 5 , (C) substrate (GlcNAc) 4 and (D) substrate (GlcNAc) 3 .
of the Rice Genome Project as a member of the pathogenesis-related protein 3 (PR-3) family (Van Loon et al. 1994; Truong et al. 2003; Nakazaki et al. 2006) , and it attracted our attention because the enzyme is a GH19 chitinase with five loop structures (5-loop type), an intermediate form between 1-loop and 6-loop types, which has never been characterized. Oschia2a lacks a major loop structure, loop III, and mutational analysis (deletion, insertion and substitution mutations) of which has never been carried out before.
Two decades ago, Monzingo et al. demonstrated that although enzymes belonging to the different groups, namely GH19 chitinases (6-loop type), GH-22 c-type lysozymes, GH23 g-type lysozymes, GH24 phage type lysozymes and GH46 chitosanases, share no significant amino acid sequence similarity, they do share a structurally invariant core consisting of two α-helices and a three-stranded β-sheet region that form the substrate-binding and catalytic cleft (Supplementary Figure 1) (Monzingo et al. 1996) . These enzymes are likely to have arisen by divergent evolution from a common ancestral protein and they represent a "lysozyme superfamily" that hydrolyze the β-1,4-glycosidic linkages of related polysaccharides, such as chitin, peptidoglycan and chitosan. In all GH19 chitinases, the two α-helices and a three-stranded β-sheet region are well conserved; however, the latter is shorten in 5-loop type chitinases including OsChia2a due to the lack of loop III structure. OsChia2a was successfully expressed in E. coli cells, and the recombinant OsChia2a exhibited significant chitin binding, chitin-hydrolytic and antifungal activities, indicating that the recombinant OsChia2a is correctly folded. It appears that loop III connected to the threestranded β-sheet region is unlikely to be essential for folding and catalytic function of these enzymes.
Analysis of the mode of action of GH19 chitinase toward chitin oligosaccharides provides information regarding their subsite arrangement in the binding groove. Sasaki et al. previously demonstrated that the 6-loop type, GH19 chitinase OsChia1c ΔCBD, a catalytic domain of a rice class I chitinase, cleaved (GlcNAc) 6 into (GlcNAc) 3 + (GlcNAc) 3 and into (GlcNAc) 2 + (GlcNAc) 4 with equal frequency . However, OsChia2a cleaved (GlcNAc) 6 into (GlcNAc) 3 + (GlcNAc) 3 at least twice as frequently than into (GlcNAc) 2 + (GlcNAc) 4 . By losing loop III, the fraction of (GlcNAc) 6 bound to −3, −2 −1, +1, +2 and +3 relatively increased when compared with that bound to −2, −1, +1, +2, +3 and +4, enhancing the symmetrical cleavage of (GlcNAc) 6 . In the case of BcChi-A, a 1-loop type GH19 chitinase, this type enzyme preferentially cleaved the fourth glycosidic linkage from the no-reducing end of (GlcNAc) 6 . Since BcChi-A is composed of the core-region and loop III, substrate affinity at the aglycon-binding subsites is relatively weaker than that of the glycon-binding subsites. The fraction of (GlcNAc) 6 bound to −4, −3, −2, −1, +1 and +2 might have increased for this reason. The specific activity of OsChia2a toward (GlcNAc) 6 substrate was 3.0 × 10 8 units/mol enzyme ( Figure 3A ).
This value is close to that of OsChia 1c ΔCBD, a 6-loop type GH19 (5.44 × 10 8 ) and much smaller than that of BcChi-A, a 1-loop type GH19 (5.79 × 10 9 ) ).
The 1-loop type GH19 chitinsae may be most suitable for oligosaccharide substrate degradation. A thermodynamic analysis of the binding of chitin oligosaccharides, (GlcNAc) n (n = 3-6), to GH19 chitinase was previously carried out for the enzyme BcChi-A (1-loop type). In this case, the binding affinity increased with elongation of the chain length of ligands. The binding free energy changes for (GlcNAc) 6 , (GlcNAc) 5 , (GlcNAc) 4 and (GlcNAc) 3 were −8.5, −7.9, −6.6 and −5.0 kcal/mol, respectively. In this study, the free energy changes for (GlcNAc) 6 , (GlcNAc) 5 , (GlcNAc) 4 and (GlcNAc) 3 binding to OsChia2a were determined to be −6.2, −4.9, −4.2 and −4.1 kcal/mol, respectively, also dependent on the chain length of the ligands but lower in value than those of BcChi-A. In OsChia2a, the absence of loop III, may have resulted in the lower affinity toward (GlcNAc) n , because the loop III connected to the β-stranded region contains amino acid residues responsible for GlcNAc residue binding (Ohnuma et al. 2013 (Ohnuma et al. , 2014 . Furthermore, losing loop III may have produced a large open space at the left side of subsites −3 and −4 ( Figure 1A and B) , improving the accessibility of (GlcNAc) 6 toward the glycon-binding site. Hence, in OsChia2a, the fraction of (GlcNAc) 6 bound to −3, −2, −1, +1, +2 and +3 may have become larger than that bound to −2, −1, +1, +2, +3 and +4. Even though we cannot rule out the possibility that this may be due to particular amino acid residues in the substrate-binding cleft.
In BcChi-A, the interactions with (GlcNAc) n were driven by favorable enthalpy changes overcoming unfavorable entropy changes, and both thermodynamic parameters did not vary in the same sizedependent manner . However, in OsChia2a (Table II) , the binding enthalpy changes increased and entropy changes decreased in a size-dependent manner. These differences may be attributed not only to the absence of loop III, but also to the arrangements of the other loop structures. Further work to obtain insight into the substrate-binding mechanism of OsChia2a by crystal structure determination of the OsChia2a-(GlcNAc) n complex is currently in progress.
The apparent transition temperature of thermal unfolding (T mapp ) was elevated by the addition of (GlcNAc) n (n = 2, 3, 4, 5 and 6) and the T mapp elevation was found to be proportional to the degree of polymerization of the (GlcNAc) n added. It is clear that the T mapp elevation (ΔT mapp ) is derived from an increase in the number of interaction sites between OsChia2a and (GlcNAc) n (n = 2-6). The T mapp data listed in Table I are also consistent with the substrate-size dependence of binding free energy change obtained by ITC analysis listed in Table II .
The physiological function of 5-loop type GH19 chitinase remains uncertain. This type of enzyme was first isolated from tobacco as pathogenesis-related proteins, PR-Q and -P (Payne et al. 1990 ). OsChia2a indeed inhibited hyphal growth of T. viride (Figure 7) . However, antifungal activity of Oschia2a was weaker than that of RSC-c, which is 6-loop type GH19 chitinase from rye seeds. On the other hand, BcChi-A, 1-loop type GH19 chitinase, did not show any antifungal activity against T. viride . These results seem to indicate that all loop structures contribute to the antifungal activity of GH19 chitinases. Kim et al. reported that the transcriptional level of a rice chitinase Rcht2 is dramatically increased by treatment with ethylene glycol chitin and fungal elicitor (Kim et al. 1998) . Rcht2 was cloned from O. sativa L. cv. Cheongcheongbyeo, and it may correspond to OsChia2a in O. sativa L. cv. Nipponbare, as they share 95% amino acid sequence identity (100% in the mature protein region). Nakazaki et al. demonstrated by real-time quantitative polymerase chain reaction (PCR) that OsChia2a was predominantly expressed in healthy growing apical leaves. They suggested that OsChia2a functions as a prophylactic agent against phytopathogen infection (Nakazaki et al. 2006) . Considering these physiological data, it appears that this enzyme plays a role in the host defense mechanism. Phenotypic analysis of an OsChia2a, loss-of-function mutant from rice plants is now desirable to understand the physiological function together with the biochemical properties of this enzyme elucidated in this study.
Materials and methods
Materials
N-Acetylglucosamine and chitin oligosaccharides, (GlcNAc) n (n = 2-6), were obtained by acid hydrolysis of chitin (Rupley 1964) , and purified by gel filtration on Cellufine Gcl-25 m (JNC Co., Tokyo). Nickel affinity resin, COSMOGEL His-Accept, was purchased from Nacalai Tesque Co. (Tokyo, Japan). Sephacryl S-100 HR was from GE Table II . Thermodynamic parameters for binding of (GlcNAc) n (n = 3-6) to OsChia2a-E68Q at 20°C and pH 5.0 as determined by ITC . Antifungal activity of OsChia2a against T. viride in culture. Purified OsChia2a was placed in the wells as follows: C, control (distilled water); 1, OsChia2a (1 μg); 2, OsChia2a (2 μg); 3, OsChia2a (5 μg); 4, OsChia2a (10 μg). This figure is available in black and white in print and in color at Glycobiology online.
Healthcare (Tokyo, Japan). The expression vector pETBlue-1 and pLacI, a lac repressor plasmid with a p15A origin of replication, were from Novagen (Madison, WI, USA) and E. coli SHuffle T7 was from New England Biolabs (Tokyo, Japan). TSK-GEL G2000PW and TSK Amide-80 columns used for (GlcNAc) n separation were from Tosoh (Tokyo, Japan). All other reagents were of analytical grade and available commercially.
Cloning and expression of OsChia2a
We obtained a synthetic, double-stranded, linear DNA fragment encoding the mature region of OsChia2a (Gly31-Ala261) from Invitrogen Corp. (Carlsbad, CA, USA). The nucleotide sequence of the gene was optimized for better expression in E. coli without changing the amino acid sequence of OsChia2a. PCR was carried out using the synthetic DNA as a template with forward primer, 5′-AT GCATCACCATCACCATCACGGCGTCGGGTCGGTCATCACG CAG-3′ and reverse primer 5′-CTAGCTGGCGAAGTTGCGCTGG TTG-3′ for cloning into the pETBlue-1 expression vector. Single underlining indicates 18 nucleotides encoding a 6× His affinity tag for fusing to the N-terminus of OsChia2a. The stop codon is denoted by double underlining. PCR products were purified and ligated into the pETBlue-1 vector by TA-cloning. The resulting plasmid, pETB-OsChia2a and pLacI were co-introduced into E. coli SHuffle T7. E. coli cells harboring pETB-OsChia2a and pLacI were grown in one liter of LB-broth with 50 μg/mL ampicillin to OD 600 = 0.8 before induction with 1 mM isopropyl β-D-1-thiogalactopyranoside. Growth was then continued for 24 h at 16°C.
Purification of recombinant OsChia2a
After cultivation, E. coli cells harboring pETB-OsChia2a and pLacI were harvested by centrifugation, suspended in 10 mM Tris/HCl (pH 8.0), and disrupted with a sonicator. Cell debris was removed by centrifugation at 14,000 × g for 15 min and the supernatant was dialyzed against the same buffer before adsorption of proteins on a Ni 2+ -affinity column. The adsorbed proteins were eluted with 10 mM Tris/HCl (pH 8.0) containing 250 mM imidazole, and separated further using a Sephacryl S-100 HR column equilibrated with 10 mM Tris/HCl (pH 8.0) containing 0.1 M NaCl. Fractions exhibiting a single protein band on SDS-PAGE were collected as a purified recombinant protein. Enzyme concentrations were determined by reading absorbance at 280 nm using an extinction coefficient (40,255
) calculated from the equation proposed by Pace et al. (1995) . SDS-PAGE was done by the method of Laemmli using a 15% acrylamide gel (Laemmli 1970) . Proteins on the gel were stained with Coomassie brilliant blue R250.
Construction of inactive OsChia2a mutant (OsChia2a-E68Q)
Based on the sequence alignment of GH19 chitinases, we estimated that Glu68 of OsChia2a acts as a catalytic acid ). Thus, we designed an OsChia2a mutant, OsChia2a-E68Q, without enzymatic activity. Site-directed mutagenesis was performed according to Wang and Malcolm (1999) . Mutation was introduced with the forward primer 5′-GTCAGACCAGCCATCAAACCACAGGTG-3′ and reverse primer 5′-CACCTGTGGTTTGATGGCTGGTCTGAC-3′ (underlining indicates the mutation site). OsChia2a-E68Q was successfully produced and purified in a similar manner to that for OsChia2a.
HPLC determination of the reaction time-course
The reaction products from the chitinase-catalyzed hydrolysis of (GlcNAc) n (n = 3-6) were quantitatively determined by gel-filtration HPLC to obtain the time-course of oligosaccharide degradation. The enzymatic reaction was performed in 20 mM sodium acetate buffer, pH 5.0, at 37°C. Enzyme and substrate concentrations were 1.0 μM and 4.5 mM, respectively. In order to terminate the enzymatic reaction, an equal volume of 0.1 M NaOH solution was added to the reaction mixture and the solution was immediately frozen in liquid nitrogen. After thawing, a portion of the solution was applied to a gel-filtration column of TSK-GEL G2000PW (Tosoh). Elution was carried out with distilled water at a flow rate of 0.3 mL/min. Oligosaccharides were detected by ultraviolet absorption at 220 nm. Peak areas obtained for individual oligosaccharides were converted to molar concentrations, which were then plotted against reaction time to obtain the reaction time-course. Molar-specific activity was calculated from the initial rate of substrate (GlcNAc) 6 consumption. One unit of enzyme activity was defined as the amount of enzyme consuming 1 μmol of (GlcNAc) 6 per minute at 25°C.
The mode of cleavage of (GlcNAc) 6 and (GlcNAc) 5 by OsChia2a was investigated by determining the anomeric forms of the enzymatic products by HPLC. The enzymatic hydrolysis of (GlcNAc) 6 and (GlcNAc) 5 was carried out in 20 mM sodium acetate buffer, pH 5.0, and the enzymatic reaction was conducted at a low temperature, 25°C, to suppress mutarotation of the reaction products. Initial enzyme and substrate concentrations were 0.78 μM and 3.6 mM, respectively. After 2, 3 and 8 min of incubation, a portion of the reaction mixture was directly injected onto a TSK Amide-80 column (Tosoh), and eluted with a mobile phase of 70% acetonitrile and 30% water at a flow rate of 0.7 mL/min. The substrate and enzymatic products were detected by ultraviolet absorption at 220 nm. The hydrolysis site of the oligosaccharide substrates was estimated from the product distribution and anomer ratio (α/β) of the individual oligosaccharide products (Koga et al. 1998 ). Since OsChia2a is an inverting enzyme, the α-anomer should be abundant at the newly produced reducing ends. Therefore, the products, which are rich in α-form, correspond to the glycon side of the substrate.
Thermal unfolding experiments
The thermal unfolding curves of OsChia2a-E68Q were obtained by monitoring the CD (circular dichroism) value at 222 nm using a J-720 spectropolarimeter (Jasco, Hachi-oji, Japan) using a CD cell with a cell length of 0.1 cm. The solution temperature was raised at a rate of 1°C/min using the temperature controller, PTC-423L (Jasco). Since the unfolding transitions of OsChia2a-E68Q were irreversible, thermodynamic parameters for the unfolding transition were not obtained. Stabilization effects were evaluated based on the values of ΔT mapp , which were obtained by subtracting the transition temperature of thermal unfolding (T mapp ) obtained in the absence of a ligand from that obtained in the presence of a ligand. To facilitate comparison between unfolding curves, experimental data were normalized as follows. The fraction of unfolded protein at each temperature was calculated from the CD value by linearly extrapolating pre-and posttransition baselines into the transition zone, and these were then plotted against the temperature. The thermal unfolding curves were analyzed according to the method of Pace et al. (1989) . The T mapp value was calculated from a nonlinear, least-square, curve-fitting procedure of the unfolding curves on the assumption that the unfolding equilibrium of the protein follows a two-state mechanism. The protein and ligand were mixed in 20 mM sodium acetate buffer, pH 5.0, with final concentrations of 4 μM and 4 mM, respectively.
ITC experiments
Calorimetric titration was performed with an iTC 200 system (GE Healthcare, Tokyo, Japan) at 20°C. Enzyme and substrate solutions were thoroughly degassed prior to experiments to avoid air bubbles in the calorimeter. Typically, the OsChia2a-E68Q solution in 20 mM sodium phosphate buffer, pH 5.0, was placed in the reaction cell of volume 0.2028 mL, and the ligand solution in the identical buffer was placed in the ITC syringe. Concentrations of the protein and ligand solutions used for the ITC experiments were 76-164 μM and 5-30 mM, respectively. Aliquots (1.0 μL) of the ligand solution were added to the sample cell with a stirring speed of 1000 r.p.m. All titration experiments yielded c values below 10 (c = n·K a · [M]t; where n is the stoichiometry, K a is the association constant and [M]t is the initial protein concentration). Binding thermodynamics can be obtained using ITC even when c is in the range 0.01 < c < 10, if the requirements proposed by Turnbull and Daranas (2003) are satisfied. We confirmed that all requirements were fulfilled in our experiments. The Origin software installed on the ITC instrument was used to analyze the ITC data. All data from the titration experiments fitted well with the single-site binding model yielding the equilibrium binding association constant (K a ), and enthalpy change (ΔH°) of the protein-ligand interaction. Stoichiometry (n) was fixed at 1.0. A stoichiometry of 2.0 or the two-site binding model did not provide a satisfactory fit between experimental and theoretical data for OsChia2a. The binding free energy change (ΔG°) and entropy change (ΔS°) were calculated from the relationship described in Eq. (1).
Assay of antifungal activity
The hyphal-extension inhibition assay was conducted as follows. An agar disk (6 mm in diameter) with the fungus T. viride was put in the center of a Petri dish containing potato dextrose agar with 1.5% (w/v) agar. After incubation of the plate for 12 h at 30°C, wells were punched into the agar at a distance of 20 mm from the center of the Petri dish. Samples to be tested were placed into the wells in 10 μL of distilled water with various amounts of OsChia2a. The plate was incubated for 30 h at room temperature and then photographed. If the sample being tested was antifungal, a crescent-shaped zone of inhibition appeared around the well.
Supplementary data
Supplementary data is available at Glycobiology online.
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